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SuperKEKB

Åe-/e+ collider located in Tsukuba, Japan.

ÅB meson factory with the
WORLD HIGHEST Luminosity.

ÅThe 2 featured challenges for luminosity:
1. άbŀƴƻ-ōŜŀƳ ǎŎƘŜƳŜέ@Interaction Point.
Ҝ1/20 beam size than KEKB.

2. άIƛƎƘ ōŜŀƳ ŎǳǊǊŜƴǘέ
Ҝú2 higher beam current than KEKB.

Ҝ Aim to ú40 Luminosity ( ╬□ ▼ ) than KEKB.

HER(e-)
7GeV, 2.6A

LER(e+)
4GeV,3.6A

Linac &
positron DR

HUGE Beam 
Current!

HUGE Beam 
Current!

Belle и
detector

3km circumference

Achieved in 2022: Ȣ ╬□ ▼ @1.46A(LER)/1.14A(HER)
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Critical challenge for RF system
Ṇ Beam instabilityΥ ƴƻǘ ǘƻŘŀȅΩǎ ǘŀƭƪ
Ḻ Huge beam loading (BL) :  Main theme of this talk



Overview of the RF system

6 Sections, 30 RF stations, 38 cavities.

3 types of RF stations:

òARES 1:1ó : 1 ARES (NC) cavity, 1 KLY. (ὠ πȢυὓὠ)
òARES 1:2ó : 2 ARES (NC) cavity, 1 KLY.  (ρȢπὓὠ)
òSCCó: 1 SC cavity, 1 KLY. ρȢυὓὠ

ARES (HER,LER) SCC (Only HER)

513 Oct 2022



3 types of RF stations in SuperKEKB

Klystrons are the same model for the all types. (Rated output is 1.2MW.) 
The practical power limit is about 800 kW. (from saturation property, for effective Vc control.)

ά!w9{ мΥмέ Ҧ 1 KLY provides RF to 1 ARES cavity. 

ά!w9{ мΥнέ Ҧ 1 KLY has to provide RF to 2 ARES cavities.

Ҝ in ARES 1:2, 2x larger output poweris required than 1:1 station. 

(if same beam loading per cavity.) *0.5MV/cav.

ά{//έҜ 1 KLY (same model) provides to 1 SCC Unit. (Vc = 1.5MV)

But for SCC Unit (input coupler), practical acceptable power is about 400kW.

Each station has respective type!

òARES 1:1ó

òARES 1:2ó

òSCCó

ARES 1:2
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Configuration of RF system for a section

D07 section has 5 stations:
нȄάARES 1:1έ Ҍ оȄάARES 1:2έ
(= 8 ARES cavities)

LLRF has a station phase.
(remote control phase shifter.)

* KLY are the same model for the all types.

Ὢ υπψȢωὓὌᾀ

ά!w9{ мΥнέ
configuration
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Beam loading and station phase

synchronous phase depends on vector sum phase (‰Ȣ ) of all stations : (principle of phase stability)

╥ ╥╬Ȣ▼◊□╬▫▼ꜚ▼Ȣ▼◊□

ὖ : beam power
ὠ : cavity voltage

Ὅ : beam currentIt should be considered the differences among the station types!

╥ ḳ
╤

▄
, Ὗ is the  1-Turn Loss

The relationship between beam power and ACC phase:
╟╫▄╪□ ╥╬╬▫▼ꜚ╪╬╬ɇ╘╫▄╪□(per each station)

Ҝ Beam loading balance is controllable through the station phase!

For each station, ACC phase (‰ ) is consequently determined.
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Required RF power in uniform beam loading

Estimation of KLY power with respect to Ὅ , with same ‰ for all stations

The calculation condition:
Å Estimate about HERόпȄ ά!w9{ мΥмέΣ нȄ ά!w9{мΥнέΣ уȄ {//ύ
Å Vc = 0.5 MV(ARES) / 1.5 MV (SCC) per a cavity.
Å 1-Turn Loss Energy (Ὗ) = 2.43 MeV.
Å It includes reflections and other power loss.

If all ‰ are equalized among all stations merely, RF power exceeds the limit @╘╫▄╪□<< design

╟╫▄╪□ ╥╬╬▫▼ꜚ╪╬╬ɇ╘╫▄╪□

*Scales & angles are not exact.

ARES 1:2

ARES 1:1 SCC

9

2.6A
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Appropriate BL distribution by different ‰ õs among stations

case of applying phase differences appropriately among 3 types of stations.

ϝ ¢ƻ ŀŎƘƛŜǾŜ ŘŜǎƛƎƴ ōŜŀƳ ŎǳǊǊŜƴǘ нΦс!Σ Lǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ŀǳƎƳŜƴǘ Y[¸ ƛƴ ά!w9{ мΥнέ ǎǘŀǘƛƻƴΦ όƳŀƪŜ мΥн ƛƴǘƻ мΥмύ

╟╫▄╪□ ╥╬╬▫▼ꜚ╪╬╬ɇ╘╫▄╪□

The calculation condition:
Å Estimate about HERόпȄ ά!w9{ мΥмέΣ нȄ ά!w9{мΥнέΣ уȄ {//ύ
Å Vc = 0.5 MV(ARES) / 1.5 MV (SCC) per a cavity.
Å 1-Turn Loss Energy (Ὗ) = 2.43 MeV.
Å It includes reflections and other power loss.

*Scales & angles are not exact.

*Scales & angles are not exact.

+25Û

+21Û
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2.6A
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The phase optimization is essential!

ґequalization, apply phase differenceto take 
into account station characters!



One more important requirement

One more important condition: The adjustment must keep ╥ ╥╬Ȣ▼◊□ἫἷἻꜚ▼Ȣ▼◊□

If this condition is 
changed,

Beam phase shifts to keep 
the relationship.
(phase stability)

Bunch position (timing) 
changesfollowing the 
synchronous phase.

Bunch passage timing at 
collision point is also 

change.

Bunches pass each 
other without 

colliding.

Lose 
Luminosity!

1213 Oct 2022



One more important requirement

One more important condition: The adjustment must keep ╥ ╥╬Ȣ▼◊□ἫἷἻꜚ▼Ȣ▼◊□

Beam phase shift!

If this condition is 
changed,

Beam phase shifts to keep 
the relationship.
(phase stability)

Bunch position (timing) 
changesfollowing the 
synchronous phase.

Bunch passage timing at 
collision point is also 

change.

Bunches pass each 
other without 

colliding.

Lose 
Luminosity!

1313 Oct 2022



Procedure of beam loading adjustment

Evaluate ‰
for each station

(before adjustment)

Calculate 
appropriate phase at 

each station 

Move 
phase shifters

To evaluate, use RF Power 
measurement. (Next slide) requirements:

ÅArbitrary phase differences are applicable for 
each stations. (to maximize reachable Ὅ )
ÅShould not change beam phasebefore/after the 

adjustment.(to ensure luminosity)
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  evaluation from RF power @each station 

╟▓■◐╟►▄█ ╟◌╪■■╟╫▄╪□
Ҝ╟╫▄╪□is obtained from these RF power measurement.

then, ♠╪╬╬is also calculated from ὖ ὠὧέί  ɇὍ for each station.

ὖ : KLY output*

ὖ : Cavity reflect*

ὖ : Cavity wall loss, 
Kept constant by LLRF.

ὖ : Beam Loading

Actually, HP-RF measurement is not accurate enough.
Ҝ Use the Linear Fit of ὖ Ὅ plot to ensure the reliability.
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VThis evaluation can be done during physics run.
V5ƻƴΩǘ ŀŦŦŜŎǘ ŀƴȅ ŀŎŎŜƭŜǊŀǘƻǊ ƻǇŜǊŀǘƛƻƴΦ

(No beam abort risk)
VEasy and fast, even adapt to many stations!
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Calculation of the optimum phase

When all station phase set to a same value ‰ , it has to satisfy:

ὠ ὠÃÏÓ‰

When applying phase difference Ў‰ at i-th station, ‰ has to satisfy:

ὠ ὠÃÏÓ‰ Ў‰

There are N cavities on the ring.
ὠ : The i-ǘƘ ǎǘŀǘƛƻƴΩǎ ±ŎΦ 
‰ : The i-ǘƘ ǎǘŀǘƛƻƴΩǎ ‰ . 
ὠ : The required acceleration voltage. 

Known parameters

(To not change beam phase) 

‰ ÃÏÓ
ὠ

ὠ ὠ

ÓÉÎ
ὠ

ὠ ὠ

ὠ ὠÃÏÓЎ‰ ȟὠ ὠÓÉÎЎ‰

Ҝὠ can be obtained from vector sum.
(ὠ ὠȢ ὧέί‰Ȣ )
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╥ ╥╬Ȣ▼◊□╬▫▼ꜚ▼Ȣ▼◊□

ὠ ὠÃÏÓ‰ ρπ ὠÃÏÓ‰ σπ
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ὠ ὠÃÏÓ‰ ρπ ὠÃÏÓ‰ σπ

‰
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ὖ
ὖ

Beam loading optimization tool

Newly developed beam loading evaluation & optimization tool.
Å Draw ὖ Ὅ plot at specified time period.

(Usually, during stacking beam current.)
Å In the main plot, vertical axis is selectable:
Å ὖ ὖ (= ὖ ὖ (= offset))

Å ὖ ὖ ὖ (= ὖ )

Å ϳὖ ὖ ὖ ὠ (ὠ-normalized ὖ )

Å Easy-to-read display of the slope and phase distribution.
Å Developed by Python3 + PySimpleGUI

╟╫▄╪□╟◌╪■■╟▓■◐╟►▄█

BL main plot
BL (slope) 
distribution

Phase distribution

Select RF section
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Beam loading optimization tool

ὠ ὠÃÏÓ‰ Ў‰

2313 Oct 2022
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Beam loading optimization tool

 
(obtained from the plot)

Specification of phase difference  
(Ў‰)

Calculated target phase

‰ Ў‰

ὠ ὠÃÏÓ‰ Ў‰

Correction amount 
for phase shifter 

  can be also specified arbitrary value!
¢ƘŜǎŜ ǎǘŀǘƛƻƴΩǎ ǾƻƭǘŀƎŜǎ ŀǊŜ ŘŜŘǳŎǘŜŘ ŦǊƻƳὠ. 

2413 Oct 2022
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Example of beam loading adjustment

Beam loading of HERon one day.

ÅнȄ ά!w9{ мΥнέ ό5лп!Σ5лп/ύ
ÅпȄ ά!w9{ мΥмέ ό5лп9ΣCΣDΣIύ
Åу Ȅ ά{//έ ό5мл!Ϥ5Σ 5мм!Ϥ5ύ

25

difference between ARES 1:1 and 1:2
was not considered before adjustment.
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Example of beam loading adjustment
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Example of beam loading adjustment

‰ χτȢσЈ

‰ χρȢσЈ

‰ ψρȢπЈ

27

ÅThe 3 lines for the 3 station types clearly.
ÅBL became uniform among SCC stations. 

13 Oct 2022

Most station phases get the target 
phase within error of 0.5Û!



Example of beam loading adjustment

Before After

No significant change was 
found in the luminosity
before / after the 
adjustment!

Specific luminosity
(bunch current normalized luminosity)
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Summary

ÅWe established a method to evaluate and optimize the beam 
loading balance among RF stations.

ÅThe evaluation can be made in a simple procedure using only RF 
power measurements and other parameters that are easy to know.

ÅThe evaluation and adjustment are essential to store high current 
beam and to achieve high luminosity.

ÅThe adjustment tool can give other advantages for beam stability, 
failure detection, and other beam studies.

ÅIn the next step, we want to automate this procedure to keep ideal 
beam loading distribution.
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backup



Other possible method of phase evaluation

How to evaluate acceleration phase?

ÅUse Cavity Pickup? 
SuperKEKB has 3km circumference (1km diameter)
How to compare phase between cavities that 1km apart?
How to determined the phase based on beam pass timing?
 almost impossible.

* At the start of operation, 
this adjustment is necessary to align adjacent cavity phases.

ÅSee the synchrotron oscillation frequency?
Scan all station phase one-by-one? Ҝ Spends much time.
And it is incompatible with the physics run.

1km
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Upgrade plan of RF system

13 Oct 2022 32

Original slide: K.Akai

To reach design beam current 2.6A in HER, 
ŀǳƎƳŜƴǘŀǘƛƻƴ ǘƻ ά¦ƭǘƛƳŀǘŜέ ŎƻƴŦƛƎǳǊŀǘƛƻƴ όŀŘŘ Y[¸ ϧ t{ ƛƴ 5п ǎŜŎǘƛƻƴύ ƛǎ ƴŜŎŜǎǎŀǊȅΦ



Upgrade plan of RF system
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Example of applications ðfault detection
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D08E

D08E station phase (‰ ) was set to 85Û

(to minimize beam loading) 
due to cavity vacuum condition.

Ҧ After small earthquake, D08E phase jumped to 91Û
(deceleration phase!)

Thanks to the tool, we noticed this phase jump quickly!

* According to investigation after this event,
a certain RF cable was abnormally sensitive for outer force.



Example of applications - for study
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M. Nishiwaki
T. Kobayashi

Information of ‰ are contributed
for Bunch-Gap Transient simulation

Ў‰
ʖ Ὅ ÓÉÎ‰

ςὠ

Ὑ

ὗ
ɝὸ



Vc-Transient in 2021 operation

Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system 36

M. Nishiwaki



ARES

Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system 37

: Accelerator Resonantly coupled to Energy Storage
T. Abe

SCSC

ACACCCCC

TE013

E H

Input coupler

ÂThree-cavity system is stabilized with p/2 mode operation
üSC has large stored energy : ϳὟ Ὗ ω
üOptimum detuning of Ὢϳ is reduced as ЎὪϳ ϳЎὪ ρ ϳὟ Ὗ
üCBIs driven by the accelerating mode is suppressed.

üParasitic 0 and pmodes can be damped selectively out of CC by an 
antenna -type damper.

ÂCavity trip rate  0.5/cavity/4 months 
(during 2022ab operation) for the 30 ARES cavities
üNo significant change since the KEKB era.
üVery stable for beam operation so far

Unique cavity specialized for KEKB

Parameters

Freq. 509 MHz

Rsh/ Q0 15W

Q0 ~1.1x105

Vc (spec.) 0.5MV/cav.

Pwall 150kW

(60kW in AC, 90kW in SC)



SCC
¸509 MHz Nb Single-cell HOM-damped Cavity, 4.4 K Operation

¸8 SCC Modules in HER (electron ring)

¸Re-use of SRF system of KEKB

¸Sharing the beam power and accelerating voltage with ARESs
by giving phase-offset

Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system 38SCC Modules in SuperKEKB Tunnel

SuperKEKB-SCC DesignParameters

Number ofCavities 8

Max. Beam Current [A] 2.6

RFVoltage [MV/cav.] 1.5

External Q 5E+4

UnloadedQ at 2MV 1E+9

Beam Loading [kW/cav.] 400

HOM Loading [kW/cav.] 37¸Main Issues in SuperKEKB for SCC
ü Large HOM power is expected due to twice high

beam current and shorter bunch length .

É Additional SiC HOM damper

ü Degradation of RF performance of Qo.

É Horizontal High-Pressure Rinse

Resent Operation Status (Trip rate)
Å Very stable beam operation
Å Trip rate : 1.1/cavity/4 months(2022ab)

(except due to LLRF and High -power system)
Å By discharging in cavity or input coupler and trouble of 

peripheral devices (chillers, tuners and so on)


